The noise characteristics of vertical-cavity surface-emitting (VCSE) lasers are studied by using the Langevin rate equations modified suitably to include the enhanced spontaneous emission occurring in such microcavity lasers. The intensity and frequency noise spectra show the effects induced by suppression of relaxation oscillations. However, such a suppression depends on the output power as well as on transverse dimensions of the VCSE laser. The laser linewidth increases considerably as a result of enhanced spontaneous emission.
The noise characteristics of vertical-cavity surface-emitting (VCSE) lasers are studied by using the Langevin rate equations modified suitably to include the enhanced spontaneous emission occurring in such microcavity lasers. The intensity and frequency noise spectra show the effects induced by suppression of relaxation oscillations. However, such a suppression depends on the output power as well as on transverse dimensions of the VCSE laser. The laser linewidth increases considerably as a result of enhanced spontaneous emission.
Vertical-cavity surface-emitting (VCSE) semiconductor lasers have attracted considerable attention recentlylm7 because of their potential applications in technologically important areas such as optical computing and optical signal processing. An interesting aspect of such lasers from a theoretical standpoint is that the cavity length is extremely small (L -1 pm). The most dramatic effect of the microcavity is that the rate of spontaneous emission into the lasing mode is enhanced by orders of magnitude compared with the conventional edge-emitting semiconductor lasers. The rate-equation analysis of VCSE lasers predicts novel features such as suppression of relaxation oscillations and thresholdless operation. One would expect that enhanced spontaneous emission into the lasing mode would affect the noise characteristics of such lasers considerably. The objective of this letter is to study the intensity and phase noise in VCSE lasers.
Conventional rate equations for semiconductor lasers incorporate the effect of spontaneous emission through a parameter R,, that represents the rate of spontaneous emission into the laser mode. If N represents the number of electrons inside the laser cavity, R,, is related to N as8
where V is the cavity volume, B is the bimolecular recombination coefficient (B-10 -lo cm3/s), and &, is the spontaneous emission factor. For conventional semiconductor lasers &, is quite small (typically -10 -5), because the laser cavity supports many cavity modes. However, the number of cavity modes supported by VCSE lasers is generally much smaller than that of conventional lasers. As a result, even though the total rate of spontaneous emission is about the same as in conventional lasers, the fraction into one cavity mode becomes enhanced (&, -10 -'). The maximum value (& = 0.5) can be approached in properly designed lasers.6 For simplicity of discussion, we focus on the case in which the density of photons and charge carriers is nearly uniform inside the active region. The conventional rate equations can then be used to model VCSE lasers. If P and N represent, respectively, the number of photons and electrons inside the laser cavity, the rate equations are given by8
h=I/q -78 -GPt F,,r(t),
where $J is the optical phase, I is the injection current, CL is the linewidth enhancement factor, r, = ye-' is the carrier lifetime, and rP = y -' is the photon lifetime. The gain G and the cavity loss rate y are defined by the usual relations
where I' is the confinement factor, ug is the group velocity, a is the gain coefficient, No is the transparency value of N, (Tint is the internal loss, and the mirror loss omir = -ln(R,R,)/2L.
The mirror reflectivities R, and R, are typically 98% or more for VCSE lasers whereas the cavity length L -1 pm, resulting in a,ir -100 cm -'. The cavity length L is defined such that it includes the effective penetration depth of optical field into distributed Bragg reflectors. The Langevin noise sources Fp( t), FN( t), and F+(t) in Eqs. (2)- (4) are random processes with zero mean and a delta-correlated correlation function
where i and i equal P, N, or 4. The diffusion coefficients depend on the rate of spontaneous emission' R,, and are considerably enhanced in VCSE lasers.
The average values of P and N under cw operation are obtained by neglecting the Langevin noise sources and setting the time derivatives to zero in Eqs. (2)-(4). The main effect of enhanced spontaneous emission is that the carrier number N does not clamp but keeps increasing with an increase in P. This behavior is related to the soft turn-on of VCSE lasers, because the transition from spontaneous to stimulated emission is less abrupt when R,, increases.7 From the standpoint of laser noise, R,, cannot be treated as constant, an assumption commonly made in the case of semiconductor lasers.8 The diffusion constants in Eq. (6) are also affected by an increase in R,, with increasing laser power.
The noise characteristics of VCSE lasers are obtained by linearizing Eqs. (2)- (4) in terms of small fluctuations around their average values and solving the resulting equa-tions in the frequency domain. Since the entire procedure is well known8 we write the results directly. The intensity noise (RIN) spectrum SJw) and the frequency-noise and phase noise are characterized by the relative-intensityspectrum Sf( o), respectively. Their general expressions are
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where GN = l?v@V, G' = G( 1 -2eNLP) and &, rR, rA and Tlv are given by
rR=(rN+ rp)/2, rp=R,p+
rN= ye + N(dyJdN) -t GNP( 1 -eNLP).
The parameters finR and rR are the frequency and the damping rate of relaxation oscillations. For conventional lasers 4/27r -2-3 GHz and rR -2 GHz at a power level of a few milliwatts. The output power Pout is related to the photon number P by the relation Pout = hvup,&/2; typically P-lo4 at 1 mW. The effect of nonlinear changes in gain is included by replacing G by G ( 1 -eNLP) , where the nonlinear gain parameter iS chosen eNL = 1 X 10 -7, The nonlinear-gain effects are negligible on the results presented here. To study the noise characteristics we consider a VCSE laser with cylindrical cavity of 1 pm length and 6 pm radius. The other parameters are R, = R,=0.99, u = 2.5X lo-l6 cm2, (rint = 50 cm-', r = 0.4, B=lx10-'"cm3/s,anda=5.
Consider first the RIN spectrum. Figure 1 shows the RIN spectra at a power level of 3 mW in the frequency range 0.1-50 GHz for three values of the spontaneous emission factor &. The curve for &, = 5 x 10 -5 corresponds to the case in which spontaneous emission is about the same as in conventional edge-emitting lasers. For a larger value&, = 5 X 10 -3, the RIN is enhanced by about 20 dB and the relaxation-oscillation peak is broadened because of an enhancement of rP as evident from Eq. ( 10). Finally, for the largest value &, = 0..5 relaxation oscillations are so heavily damped that the peak disappears altogether. Indeed, lYP becomes so large for this value of & that fzs becomes negative in Eq. (9); the approach to steady state is nonoscillatory under these conditions. Figure 2 shows the frequency-noise spectra under conditions identical to those of For conventional edge-emitting semiconductor lasers the laser linewidth Av decreases with an increase in the output power as Pit'. Because R,, changes with an increase in the output power for VCSE lasers, such a behavior would not generally hold. Since the linewidth is related to the zero-frequency value of the frequency noise by Av = Sf(0)/2~, we can use Eq. (8) to obtain an analytic expression. Figure 4 shows the variation of Av with the output power for VCSE lasers of different cavity lengths (L = 1 and 2 pm) and different transverse dimensions (r = 3 and 6 pm). The spontaneous-emission factor &, = 5 X 10 -3 in all cases. As the output increases, Av first decreases, goes through a minimum, increases to reach a peak value, and then falls again. One can understand this behavior from Eq. (8). At very low output powers (Pout < 0.1 mW), the damping rate FR z R,d2P is dominated by spontaneous emission. The laser is effectively below threshold, and the CY* term in Eq. (8) does not contribute to the linewidth. As the output power increases, the (r* term begins to contribute, and the linewidth increases. Finally, the a* term saturates (for PO,, -1 mW>, and the linewidth decreases following the usual P-l dependence. The minima and maxima seen in Fig. 4 occur at relatively low power levels (P,,,, < 1 mW) and reflect the effect of enhanced spontaneous emission on the linewidth of VCSE lasers. These features have not yet been observed experimentally. Note that the linewidth of VCSE lasers (typically -10 GHz) is larger by more than two orders of magnitude compared with edge-emitting lasers because of enhanced spontaneous emission.
In conclusion, we have studied the noise characteristics of VCSE lasers by using the modified Langevin rate equations. The effect of enhanced spontaneous emission is included by varying the spontaneous-emission factor &, from 5X lo-5 to 0.5. Particular attention is paid to the laser linewidth. It is enhanced considerably as a result of enhanced spontaneous emission. Furthermore, the power dependence of the linewidth exhibits new features related to the soft turn-on of VCSE lasers. These features have not yet been observed experimentally.
